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ABSTRACT 
Suarez, Edwin A. M.S., Purdue University, May 2013. Slurry Seeding Cover Crops.
Major Professor: Eileen J. Kladivko. 
Cover crops improve soil quality through increased organic matter, biological activity, 
aggregate stability, water infiltration, and nutrient cycling. Slurry seeding, the co-
application of cover crop seed and swine (Sus domesticus) manure, is a new practice that 
saves fuel, time and labor. High salinity and/or ammonia, among other components in 
swine manure, may reduce cover crop seed germination and limit the use of slurry 
seeding. Ten cover crop species were evaluated to compare the effects of swine manure 
components on cover crop seed germination. Seed germination percentages and rates 
were affected by swine manure but not by equivalent salinity levels established with 
Sodium Chloride. Thus, the salinity component of swine manure is not likely a large 
contributor to the negative effects of manure on the germination of some cover crop seeds. 
Pre-soaking seeds in solution had an effect on germination of cover crops, and thus a
mixing period of ≤1hr is suggested for the practice. Nitrogen ammoniacal gaseous forms 
resulting from volatilization after manure applications had an inhibitory effect on 
germination of cover crop seeds and may be the driving factor reducing germination. 
Anaerobic like conditions also reduced germination. A rainfall event within the first week 
after slurry seeding may be critical in order to achieve a good establishment of the crop.
xvi 
 
Field scale trials showed that surficial slurry seeding may reduce germination by up to 
50%. Surficial slurry seeding in farmer trials showed that cover crop treatments had 
greater yield than the matching no cover treatments, possibly due to increased nutrient 
cycling and other benefits from cover crops. Cover crops also reduced the yield 
differences between low N and high N treatments, possibly due to greater nutrient capture 
and cycling. Slurry seeding has potential to facilitate cover crop establishment but needs 




CHAPTER 1. LITERATURE REVIEW 
1.1 Cover Crops 
In temperate zones, summer annual grain crops like corn (Zea mays L) and soybean 
(Glycine max L), accumulate water, nutrients and provide living cover for only four to six 
months, leaving fallow soils for six to eight months of the year. Cover crops are known 
literally as crops that cover the soil, and can bring multiple benefits to agricultural 
systems depending on goals and management. The idea of using cover crops is to 
simulate and emulate more natural ecosystems where sustained plant growth increases 
the efficiency of the system, preventing soil loss, and extending nutrient cycling by 
maintaining activity. Current agricultural systems, such as tilling and planting practices, 
often leave bare soil exposed for prolonged periods of time, making the system more 
susceptible to soil erosion, runoff, and nutrient leaching. Incorporating cover crops during 
otherwise fallow time periods may be a key component to promoting more sustainable 
agriculture in temperate regions like the US Midwest. Some of the main constraints to the 
use of cover crops include: the timeliness and cost of establishment, the timeliness of 
termination the cover crop, and possible negative impacts on cash crops. Tying the 
concept of cover crop establishment with other agricultural practices like manure 
application, may reduce costs and management requirements, making the use of cover 
crops more profitable. 
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1.2 Slurry Seeding 
Slurry seeding is the practice of co-applying cover crop seed and manure as a means to 
save fuel, time, labor, and potentially enhance cover crop establishment (Harrigan et al, 
2006). Slurry seeding offers a promising practice to establish a cover crop causing little 
or no disturbance to the soil. Slurry seeding may also reduce the loss of nutrients present 
in manure resulting in improved nutrient cycling. The slurry seeding methodology is very 
different from traditional deep injection of manure and traditional drilled planting of 
cover crops. Slurry seeding consists of the shallow injection of seed and manure to 
facilitate the germination and establishment of the cover crop. Cover crop seed that has 
been mixed with liquid manure in the spreader tank is delivered through drop-tubes to 
fractured and loosened soil behind each set of aeration tines. This process promotes the 
creation of enriched microsites near the soil surface that would favor seed germination 
and seedling establishment. They concluded that slurry seeding represents an efficient 
and effective cover crop establishment method for use in no–till cropping systems. They 
also found greater individual plant biomass both above ground and in the root system, for 
the three species and mixes studied., as a result of slurry seeding when compared to 
common non-slurry seeded treatments. Finally, they estimated a 60% reduction in soil 
erosion and a 50% reduction in N loss to the environment in the slurry seeding cover crop 
treatments when compared to traditional tillage operations. They also found fuel savings 
of more than 18.7 L/ha acre and labor savings of more than 0.86 hr/ha when compared to 
traditional tillage and seeding practices.  
Small grain cover crops are the most often used cover crops in the US Midwest because 
they are easy to establish, winter hardy and inexpensive compared to other cover crops. 
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However, other plant species are also used as cover crops; grasses such as annual 
ryegrass (Lolium multiflorum); legumes like crimson clover (Trifolium incarnatum) and 
non legume broadleaves such as oilseed radish (Raphanus sativus) are some of the most 
common species. Cover crop selection is usually based on farming objectives such as N 
scavenging and erosion prevention. Planting timing and geographical location are also 
important factors when choosing cover crops. However, the effects of manures on cover 
crop species germination have not been well studied. Understanding the effects of this 
interaction represents a key component to fully developing the slurry seeding practice. 
The objective of this study was to increase the knowledge and scope of slurry seeding, by 
understanding its components and practical implications needed to maximize the 
advantages of this practice. 
 
1.3 References 
Harrigan, T.M., D.R. Mutch, and S.S. Snapp. 2006. Manure slurry-enriched micro-site 
seeding of biosuppresive covers. Appl. Eng. Agric. 22:827-834. 
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CHAPTER 2.  SALINITY AND MANURE INTERACTION EFFECTS ON COVER 
CROPS SEED GERMINATION UNDER CONTROLLED CONDITIONS 
2.1 Abstract 
Cover crops improve soil quality through increased organic matter, biological activity, 
aggregate stability, water infiltration, and nutrient cycling. Slurry seeding, the co-
application of cover crop seed and swine (Sus domesticus) manure, is a new practice that 
may save fuel, time, and labor when compared to separate application of manure and 
planting of the cover crop. High salinity and other properties of swine manure may 
reduce cover crop seed germination, delay crop establishment, and limit the use of slurry 
seeding. The time interval between exposing cover crop seed to manure and their co-
application to the field may also affect cover crop germination and establishment. The 
main objective of this research was to determine the impact of swine manure and lengths 
of exposure, on germination of several cover crop species. Two different experiments 
were conducted. In experiment 1, six cover crop species: wheat (Triticum aestivum L), 
annual ryegrass (Lolium multiflorum L), crimson clover (Trifolium incarnatum L), maris 
kestrel kale (Brassica oleracea L,) daikon radish (Raphanus sativus L) and pasja hybrid 
(Brassica campestris L), were analyzed under controlled conditions. This experiment 
studied the effect of manure and salinity levels in manure on germination of cover crops. 
Seeds were placed on moistened germination paper in Petri dishes. Treatment moistening 
solutions were full strength swine manure and 2/3 and 1/3 strength manure, diluted with 
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deionized water (DI); and NaCl solutions of equivalent electrical conductivity (EC) to the 
manure treatments (EC=11, 8.5 and 5 mS•cm-1 respectively), and a control of deionized 
water (DI). Full strength manure inhibited seed germination of all species. The 2/3 
strength manure also proved to be have comparative effects to full strength, and the 1/3 
strength manure showed significant high toxicity for crimson clover and maris kestrel 
kale when compared to all other species, when compared to controls. Treatments 
increasing salinity, to match that of the wine manure solutions, did not reduce 
germination of annual ryegrass, maris kestrel kale, wheat and pasja hybrid. Only the 
highest salinity affected germination of oilseed radish and crimson clover reducing some 
significant reduction in germination percentage (reductions of 13 and 12% respectively) 
compared to controls. Thus the salinity component of manure is not likely the factor 
resulting in reduced from exposure of seeds to manure. In experiment 2, we found that 
independent of the immersion solution (water or manure) prolonged periods of seed 
immersion (≥24hr) have a detrimental effect on germination of cover crop seeds. 
Reductions due to this immersion effect seemed to be more negative on germination 
percentages of daikon radish and oats. Short periods of immersion ≤1hr (even in manure) 
showed the highest germination values in germination percentage for all species. Based 
on these results, mixing periods of ≤1 hr represents the best mixing interval prior to slurry 
seeding. In this experiment, for all species and treatments, germination percentages were 
≥70%. Based on the results obtained in both experiments for both germination percentage 
and germination rates, cereal rye may represent the best species to be used for slurry 
seeding in relation to their resistance to salinity levels, immersion toxicity and also their 
high germination rates (fast germination). Crimson clover showed very poor performance 
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under manure/salinity conditions and also some reductions as a result of immersion in 
solution, which leads to the conclusion that it shouldn’t be considered as an optimum 
species for slurry seeding. Annual ryegrass, daikon radish, oats, pasja hybrid brassicas, 
wheat and maris kestrel kale, behaved in the middle ranges and therefore management 
and knowledge of the tolerance ranges for each species is key if used for slurry seeding.  
Understanding that with slurry seeding we would expect compensation of lower 
population densities, by higher individual plant biomass, germination values of ≥70-80%, 
as the ones obtained in both experiments may be acceptable for slurry seeding. Further 
studies analyzing more periods of immersion in order to have a wider and more complete 
“time of immersion” recommendation for slurry seeding are needed. Additional studies 
analyzing other characteristics/components of swine manure affecting germination such 
as ammonia (NH3) are needed to more completely understand the causes and factors 





In temperate zones, summer annual grain crops like corn (Zea mays L) and soybean 
(Glycine max L), accumulate water and nutrients and provide living cover for only four to 
six months, leaving fallow soils for six to eight months of the year. Cover crops 
following main crops are commonly used to prevent soil erosion (Langdale et al., 1985) 
and to increase soil nitrogen (N) capture after harvest. Cover crops may also extend the 
period of active nutrient and water uptake in agricultural systems (Brinsford and Staver, 
1991; Ditsch et al., 1993; Kaspar et al., 2008). Cover crops can also reduce N losses by 
scavenging and accumulating available soil nitrate (NO3-), and also by utilizing soil 
moisture via transpiration during growth, reducing the amount of water available to leach 
nutrients (Sarrantonio and Gallandt, 2003). Although cover crops may improve nutrient 
cycling, soil tilth, organic matter, enhance soil microbiological activity, and inhibit pests, 
their use is just recently becoming a common practice again among farmers. Some of the 
main constraints to the use of cover crops include: the timeliness of seeding, cost of 
establishment, termination of the cover crop, and possible negative impacts on 
subsequent grain crops. 
 
2.2.1 Slurry Seeding 
Slurry seeding is the practice of co-applying cover crop seed and swine manure that may 
save fuel, time, labor, and potentially enhance the cover crop establishment. Slurry 
seeding offers a promising practice to establish a cover crop causing little or no 
disturbance to the soil. Slurry seeding may also represent an opportunity to reduce losses 
of nutrients present in manure, resulting in improved nutrient cycling.  
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A large number of producers in the US Midwest and in Indiana apply liquid swine slurry 
in the fall. Establishing a cover crop before or during manure application may increase 
and extend the system capacity for nutrient uptake (Singer et al., 2008). 
Harrigan et al. (2006) developed a slurry seeding method in Michigan, which consists of 
a onetime pass for both manure application and cover crop seed establishment. The 
methodology as developed is very different from traditional injection of manure and 
traditional planting of cover crops. Slurry seeding consists of the shallow injection of 
seed and manure to facilitate the germination and establishment of the cover crop. Cover 
crop seed that has been mixed with liquid manure in the spreader tank is delivered 
through drop-tubes to fractured and loosened soil behind each set of aeration tines. This 
process promotes the creation of enriched microsites near the soil surface that would 
favor seed germination and seedling establishment. They concluded that slurry seeding 
represents an efficient and effective cover crop establishment method for use in no–till 
cropping systems. They also found greater individual plant biomass both above ground 
and in the root system, for the three species and mixes studied., as a result of slurry 
seeding when compared to common non-slurry seeded treatments. Finally, they estimated 
a 60% reduction in soil erosion and a 50% reduction in N loss to the environment in the 
slurry seeding cover crop treatments when compared to traditional tillage operations. 
They also found fuel savings of more than 18.7 L/ha acre and labor savings of more than 
0.86 hr/ha when compared to traditional tillage and seeding practices. 
Small grain cover crops are the most often used cover crops in the US Midwest because 
they are easy to establish, winter hardy and inexpensive compared to other cover crops. 
However, other plant species are also used as cover crops; grasses like annual ryegrass 
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(Lolium multiflorum L); legumes like crimson clover (Trifolium incarnatum L) and non 
legume broadleaves like oilseed radish (Raphanus sativus L) are some of the most 
common species. Cover crop selection is usually based on farming objectives such as N 
scavenging and erosion prevention. Planting timing and geographical location are also 
important factors when choosing cover crops. However, the effects of manures on cover 
crop species germination based on crop sensitivity to manure components have not been 
well studied. Understanding the effects of this interaction represents a key component to 
fully develop the slurry seeding practice. 
 
2.2.2 Manure and seed interaction 
Previous results obtained by Harrigan et al. (2006) on oilseed radish, annual ryegrass and 
oats justified the need to analyze the effect of manure on cover crop seed germination and 
its possible repercussions in the practice of slurry seeding. The results obtained by 
Harrigan showed high variability in successful establishment and growth of cover crops 
when slurry seeding, depending on species selection and manure placement among other 
factors.. Some studies have evaluated the risk of manure applications increasing weed 
seed availability. Results show that animal manures could impact weed seed bank in 
several ways, representing a risk to increase weed abundance in the seed bank. About 25% 
of the weed seed fed to hogs and cattle is recovered intact in the manure. The values of 
recovery are different depending on the type of animals. For horses and sheep the values 
of recovery ranged between 10% and 12% and for chickens recovery was only 2% 
(Menalled et al.; 2005; Renner, 2009). 
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Other studies have shown germination inhibition and problems in grain crops (corn) 
when seeding shortly after a manure application in conventional seedbeds. Some of the 
possible causes of seed inhibition were elevated ammonia (NH3), increased soil pH, and 
nitrite (NO2-) accumulation (Adriano et al., 1973; Sawyer et al., 1991; Schmitt et al., 
1992) studies in Wisconsin showed that stockpiling swine and cattle manure, does not kill 
or reduce germination of weed seeds (Katovic et al., 2005). 
One characteristic of manures and liquid swine manure that may affect germination 
specifically is the presence of high salinity levels. Francois (1984) concluded that seed 
germination of turnips was reduced or delayed under saline conditions, possibly due to 
osmotic effects, specific ion toxicity or a combination of both. In the same study he 
concluded that salinities up to 11.6 mS•cm-1 delayed germination but did not significantly 
reduce final germination percentage. Salinity levels of 15.9 and 22.1 mS•cm-1 
significantly reduced final germination. Camberato and Martin (2004) found similar 
results when analyzing salinity effect on germination of rough bluegrass. They found that 
germination rates (seed/day) were reduced by an increase in salinity levels. Other studies 
had also shown that salinity delays germination in many grasses species. Levels of delay 
depend on salinity levels and species selection. Swine manure salinity levels are usually 
between 10-14 mS•cm-1, and so the combination of both salinity levels and species 
selection could affect germination of cover crops (Harivandi et al., 1982; Peacock and 
Dudeck, 1989). 
The practice of slurry seeding involves a mixing period between the seed and the manure 
inside the application tank. Immersion of seeds in solution (manure or water) can affect 
germination due to imbibition of seeds and its effect as a trigger in the germination 
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process. Movement of water into the seed can transport toxic components which may 
affect germination.  
Based on previous research and the logistics of slurry seeding, it is important to evaluate 
cover crop seed germination after immersion, in manure and solutions of similar salinity 
levels. Better understanding of this relation between manure and cover crops, is needed to 
improve the practice of slurry seeding in Indiana.  
 
2.2.3 Objectives 
The main objective of this research was to determine the impact of manure and exposure 
time conditions on germination of several cover crop species. Specific objectives of the 
study were to evaluate manure salinity as a potential causal factor in reduced germination 
with slurry seeding, and to analyze the effect of cover crop seed immersion time in 
manure on germination. 
 
2.3 Materials and Methods 
2.3.1 Experiment 1 Effect of manure and equivalent salinity levels on cover crop 
germination 
Seeds of six cover crop species (wheat, annual ryegrass, crimson clover, maris kestrel 
kale, daikon radish and pasja hybrid) were obtained from commercial and university 
sources (Table 2.1). Seedburo Kimpak (K-22) cotton seed germination paper was 
manually cut in the shape and size of 100x15mm circular plastic Petri plates. 
Germination paper was moistened by complete immersion in moistening solution holding 
approximately 15 grams of solution (manure, salinity solution or water) and lifted until 
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no dripping was visible. After moistening, the paper was placed inside the Petri dish. 
Twenty-five seeds of each species were carefully placed on the pre-moistened 
germination paper using tweezers to maximize seed distribution (Fig 2.1). After seeds 
were placed and distributed on the germination paper, the Petri plate was sealed with 
parafilm and placed in a growth chamber by Power Scientific, Inc, with a light intensity 
of 800-1000 lux at 23cm from lights at 25C°. Plates were kept under controlled 
conditions for 25 days at 23°C with a 12-hr interval between light and dark.  
Treatment moistening solutions consisted of liquid manure, and 2/3 and 1/3 strength 
manure, diluted with deionized water (DI); and NaCl solutions of equivalent electrical 
conductivity (EC) to the manure treatments also diluted with DI; and a control consisting 
in only DI as moistening solution (Table 2.2). Each treatment was replicated four times in 
a randomized block design, and the experiment was conducted twice. Electrical 
conductivity (EC) readings were 5.0 mS•cm-1 for the 1/3 strength treatments, 8.5 mS•cm-1 
for the 2/3, and 11.0 mS•cm-1 for the highest strength manure. Manure treatments were 
prepared by diluting manure in water at a determined volume (1/2 or 2/3 of the total 
volume), while NaCl treatments were prepared by manual addition of salt to a total 
volume of water until matching EC readings to those of the equivalent manure treatment 
was achieved.  
Swine manure was collected from a shallow pit system at the Purdue University Animal 
Science Research Center facilities in West Lafayette, IN. The swine production unit 
contained 100 swine each weighing 35-45 receiving a corn/soybean diet. Manure was 
used the same day of collection and if needed for further studies placed in a cold room at 
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4°C. Composition of the manure was determined by A&L Great Lakes Laboratory in Fort 
Wayne, IN. (Table 2.3).  
Germinated seeds were counted daily through 25 days after seeding. A seed was 
considered germinated when the radical emerged 1mm from the seed and was visible 
using a 10x magnifier glass. After each daily reading, samples were randomly placed 
back into the growth chamber (Figure 2.1). 
Germination percentage was calculated based on the total number of seeds and the 
number of germinated seeds. Germination rate was calculated by the method of Maguire 
(1962) which sums the number of new seedlings at each count divided by the number of 
days to each count (t). (No. new seedlings ÷ t1) + (no. new seedlings ÷ t2) + (no. new 
seedlings ÷ tfinal). Larger numbers indicate faster germination.  
 
2.3.2 Experiment 2 Cover crop seed time of immersion and solution effect on 
germination 
Seed of five cover crop species (annual ryegrass, crimson clover, daikon radish, oats and 
cereal rye) were obtained from commercial and university sources (Table 2.1). The 
experimental approach for this experiment was similar to that used the same as the one in 
Experiment 1 except for some variations in the treatments. Treatments in this experiment 
consisted of pre moistening of seeds by immersion at different times in manure or water, 
followed by placement of 25 seeds on pre-moistened germination paper. For the first trial, 
the effect of 7 treatments was studied; for the second, 3 more treatments were added for a 
total of 10 treatments (Table 2.4). Three treatments were not immersed in manure prior to 
placement of the seeds on the germination paper. For all other treatments seeds were 
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immersed in the solution (manure or water) for the determined period of time in bulk; 
after that interval, seeds were collected from the immersion solution, and immediately 
rinsed as a bulk through a quick (<5 sec) three immersion cleaning process in three 
separate clean DI water solutions. After this cleaning process, 25 seeds corresponding to 
each treatment were placed on the germination paper previously moistened with DI, and 
sealed with parafilm.  Each treatment was replicated four times in a randomized block 
design and both experiments were conducted twice. Swine manure used for this 
experiment was collected from the same facilities and characteristics as the one used in 
experiment 1. Nutrient composition for this manure is shown in Table 2.3. 
 
2.3.3 Statistical Analysis 
The validity of the results and variance homogeneity for the treatments and species was 
analyzed. The data were analyzed using PROC MIXED (SAS Institute, 1996). All data 
were subjected to statistical analysis. First the GLM procedure was used to analyze the 
probability to combine trials (If any variance component resulted in zero, this was 
removed to achieve a more harmonious model). Then medians and all the significant 
interactions were obtained using the LSMEAN/PDIFF procedure. After data were 
combined from both trials, analysis of variance (ANOVA) was used to evaluate 
significant differences for the species effect and the treatments effect. Least significant 
difference (LSD) with a P ≤ 0.05 was used to identify treatment differences using the 




2.4 Results and Discussion 
2.4.1 Experiment 1. Effect of manure and equivalent salinity levels on cover crop 
germination 
The effect of swine manure and salinity levels present in swine manure on cover crop 
seed germination percentages were examined in experiment 1 (Tables 2.5, 2.6). Full 
strength manure had an inhibitory effect on cover crop seed germination (% and rate) for 
all species. 2/3 strength manure also had an inhibitory effect on germination behaving 
very similar to full manure strength. And 1/3 strength manure strongly inhibited 
germination for crimson clover and maris kestrel kale but the effect on the other species 
were less pronounced. Crimson clover and maris kestrel kale see, to be the more 
susceptible species to manure, with big reductions in germination at 1/3 streght (83% and 
100% reduction respectively when compared to the total estimated germination and about 
a 79% and 100% reduction when compared to controls for each species.). The other 
species had reductions between 21-29% of the total expected and around 10-29% 
reduction when compared to same species controls. When analyzing the effect of manure 
and salinity levels on germination rates, results show that germination rates of all species 
were significantly affected by manure when compared to controls (bigger gaps), showing 
more negative effect on crimson clover and Mariskestrel kale. Germination rates in full 
manure for all species were = 0 (seeds/day), and rates in the 1/3 manure were drastically 
lower when compared to the control and NaCl treatments (Table 2.7). 
Crimson clover and maris kestrel kale are the most susceptible species to manure, with 
significant reductions in germination even at 1/3 manure strength. Field experiments in 
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Michigan also showed reduced germination and stand of crimson clover when slurry 
seeded with swine and dairy manure (Harrigan et al., 2010). 
Oilseed radish, crimson clover and wheat had a slightly reduced germination percentage 
with higher salinity levels when compared to the DI control. Crimson clover and daikon 
radish showed reductions in germination rates with increased salinity contents. 
Germination percentages for all species for the DI treatments and the NaCl treatments 
were within a range of 80-100% high percentages that would be acceptable for slurry 
seeding under the assumption of bigger plant biomass compensating higher plant 
population densities. Germination of cover crop seeds are not drastically affected by 
salinity levels matching those present in liquid swine manure. Thus suggesting that 
salinity of manure is not reducing germination of cover crops on manure-soaked 
germination paper. 
Analyzing the controls among species, we can see that daikon radish and pasja hybrid 
brassica were the species with greatest germination rates (germinated faster); and annual 
ryegrass and wheat had the lowest germination rates (slowest species germinating). The 
radish and the pasja hybrid brassica followed this trend in all the NaCl treatments and the 
1/3 manure treatments. However crimson clover showed a significant reduction in 
germination rate as a result of higher salinity levels and had the lowest germination rates 
at the full salinity treatment (11mS•cm-1), making clover the most affected species by 
NaCl. Annual ryegrass, maris kestrel kale and wheat had consistently low germination 
rates and were not affected by increases in salinity levels. Reduced or delayed seed 
germination under saline conditions may be caused by osmotic effects, specific ion 
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toxicity, or a combination of both (Waisel, 1972), due to the osmotic effect caused by 
salts (NaCl). 
 
2.4.2 Experiment 2. Cover crop seed time of immersion and solution effect on 
germination 
Experiment 2 analyzed the effect of immersion time and solution, on cover crop seed 
germination. This setting simulated the mixing process between seed and manure that 
occurs in the application tank prior to slurry seeding. Tables 2.7 and 2.9 clearly show that 
independent of the immersion solution (water or manure) prolonged periods of seed 
immersion (≥24hr) have a detrimental effect on germination of cover crop seeds. 
Reductions due to this immersion effect seemed to be more negative on germination 
percentages of daikon radish and oats. Even when immersed in manure, short periods of 
immersions ≤1hr showed the highest germination values in germination percentage for all 
species studied. As seen in Table 2.9 a period of immersion of 2hr in water had a 
negative impact on germination of radish and oats when compared to shorter immersion 
periods in manure, thus enhancing the importance of short periods of immersion versus 
extended ones. Reductions for those species were around 10% for both. It is important to 
notice that germination percentages for all species studied, under all treatments ranged 
from 69 to 100%. Based on the idea that slurry seeded plants compensate lower 
population densities with higher plant biomass, a final cover crop stand of 70% may be 
acceptable for the practice.  
Results for germination rates show that cereal rye and annual ryegrass were not affected 
by either the source of solution (manure or water) or immersion time (0 to 24hr) when, 
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these two species showed the highest germination rates (fastest germination) among 
studied species. Oats, crimson clover and radish showed a reduction in germination rate 
(slower germination) as a results of increased immersion time, this delay effect was more 
evident when manure was used as immersion solution and could be related to salinity 
content in manure and its delay effect on cover crop germination as explained in 
experiment 1. (Tables 2.8, 2.10).  
When analyzing performance among species for germination rate (seeds/day), we can see 
that cereal rye had the highest germination rate overall (fastest germination), while oats 
had the lowest germination rate (slower germination). All other species behaved in the 
medium ranges. Based on the obtained data, immersion/mixing periods of ≤1 hr. 
represent the best mixing interval prior to slurry seeding.  
 
2.5 Conclusions 
Successful germination of cover crops is critical for the success of slurry seeding. 
Understanding the effects of manure components and mixing time with seed in the tank, 
is important when trying to increase germination and establishment of species under this 
methodology. 
In Experiment 1, full manure had an inhibitory effect on cover crop seed germination (% 
and rate) for all species; 2/3 strength manure showed very similar toxicity patter to the 
full manure, while 1/3 strength manure showed high toxicity for crimson clover and 
maris kestrel kale but not for all other species when compared to controls. Treatments 
with salinity solutions with EC readings of 5.0, 8.5, and 11.0 mS•cm-1 (matching EC of 
manure treatments) showed no significant difference for germination percentages for 
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annual ryegrass, maris kestrel kale and pasja hybrid brassicas when compared to each 
species control. Oilseed radish, crimson clover and wheat, had some significant reduction 
in germination as a result of higher salinity levels when compared to controls. 
Germination percentages were ≥80% for species when exposed to NaCl treatments. 
Results showed that germination percentages of cover crop seeds were not drastically 
affected by salinity levels present in liquid swine manure, and thus it cannot be 
considered the main driving factor affecting germination of cover crops as a result of the 
seed-manure interaction. 
Experiment 2 showed that independent of the immersion solution (water or manure) 
prolonged periods of seed immersion (≥24hr) have a detrimental effect on germination of 
cover crop seeds. Reductions due to this immersion effect seemed to be more negative on 
germination percentages of daikon radish and oats. Short periods of immersion ≤1hr 
(even in manure) showed the highest germination values in germination percentage for all 
species. Based on these results, mixing periods of ≤1 hr represents the best mixing 
interval prior to slurry seeding. In this experiment, for all species and treatments, 
germination percentages were ≥70%. 
Based on the results obtained in both experiments for both germination percentage and 
germination rates, cereal rye may represent the best species to be used for slurry seeding 
in relation to their resistance to salinity levels, immersion toxicity and also their high 
germination rates (fast germination). Crimson clover showed very poor performance 
under manure/salinity conditions and also some reductions as a result of immersion in 
solution, which leads to the conclusion that it shouldn’t be considered as an optimum 
species for slurry seeding. Annual ryegrass, daikon radish, oats, pasja hybrid brassicas, 
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wheat and maris kestrel kale, behaved in the middle ranges and therefore management 
and knowledge of the tolerance ranges for each species is key if used for slurry seeding.  
Understanding that with slurry seeding we would expect compensation of lower 
population densities, by higher individual plant biomass, germination values of ≥70-80%, 
as the ones obtained in both experiments may be acceptable for slurry seeding. 
We recommend further studies analyzing more periods of immersion in order to have a 
wider and more complete “time of immersion” recommendation for slurry seeding. 
Further studies related to other characteristics/components of swine manure affecting 
germination, such as ammonia, are needed in order to completely understand the causes 
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Figure 2.1 Top: Distribution of cover crop seeds in pre-moistened germination paper. 
Germination paper was immersed in moistening solution and lifted until no dripping was 
evident, after which it was placed inside the petri dish and seeds were manually placed on 
the germination paper. Petri dishes were then sealed with parafilm. Bottom: Visual 
assessment and counting of germinated seeds. In the picture it is easy to see germinated 
annual ryegrass seeds. Counting of the seeds was done daily with a 10x magnifying glass. 





CHAPTER 3. AMMONIA AND MANURE GAS EFFECT ON COVER CROPS 
GERMINATION UNDER CONTROLLED CONDITIONS 
3.1 Abstract 
It has been well documented that the use of cover crops can give multiple benefits to 
agricultural systems depending on management and goals. Swine manure can reduce 
germination of cover crop seeds (chapter 2), but salinity levels in manure are not the 
driving factor reducing germination. The objective of this experiment was to expose 
cover crop seeds to gaseous components released from manure, and particularly N 
ammoniacal forms and NH3, to analyze the effects on germination of two cover crop 
seeds. Crimson clover (Trifolium incarnatum L) and oilseed radish (Raphanus sativus L), 
these species were selected based on the results from chapter 2 representing a sensitive 
and less sensitive seed to manure interaction, respectively. Germination units to study the 
effect of gases on cover crop seeds were designed for this experiment. Two parameters 
were analyzed: germination percentage and length of shoot and root from germinated 
seeds. Treatments for this experiment varied between materials added to the units and 
type of lid used for a total of 26 treatments. Four different materials were used for this 
experiment including swine manure, deionized water (DI), urea, and glucose.  Nitrogen 
volatilization proved to have a detrimental effect on germination of crimson clover and 
oilseed radish. That effect seemed to be higher on growth of germinated seeds than on 




different nitrogen sources (manure and urea) affected germination percentages and length 
for both species. A mixture of components in manure and the presence of free 
ammoniacal forms may be the driving factors reducing germination and affecting the 
length of germinated seeds for both crimson clover and oilseed radish. Oilseed radish 
showed less sensitivity to the effect of gaseous N forms from manure and urea 
volatilization, therefore it represents a better option for the slurry seeding practice. Other 
gases released by manure volatilization might have played an important role in the 
outcomes of this experiment; ethylene and nitrous oxide might have helped germination 
of cover crop seeds. In the case of urea we see a clear reduction in germination and 






This experiment is a follow up of the experiments and results shown in chapter 2 of this 
thesis. It has been well documented that cover crops may give multiple benefits to 
agricultural systems (Coelho et al., 2000; Cambardella and Karlen., 1996; Kaspar et al., 
2006; Kladivko et al., 2004; Langdale et al., 1991; Meisinger et al., 1991; Singer et al., 
2007). In recent years those known benefits, plus the need of creating more sustainable 
agricultural systems, has lead to a growing interest in the use of cover crops. With this 
expanded interest, it is necessary to increase the knowledge and improve management of 
cover crops in order to expand their use and benefits. 
Large scale swine (Sus domesticus) production operations are very common in the US 
Midwest and in Indiana. Management of swine waste can represent a challenge for 
producers. If well managed, manure can become a key component in nutrient cycling, 
and bring benefit to the system. However if mismanaged, it can become an environmental 
and economical problem, and may even have detrimental effects on the main crop. 
Slurry seeding cover crops consists of the practice of co-applying cover crop seed and 
manure (Harrigan et al. 2006). This practice represents a promising opportunity to expand 
the use of cover crops among farmers that make fall manure applications. Slurry seeding 
may also increase nutrient cycling, improve soil conditions, and reduce manure nutrient 
losses by increasing the amount of nutrients captured from the applied manure, as a result 
of the germination and growth of the cover crop. 
Prior studies shown in (chapter 2) found that swine manure decreases cover crops seed 




factor affecting germination. Those results led to the need to evaluate other swine manure 
characteristics that could affect germination of cover crop seeds. 
 
3.2.1 Manure N losses and effect on seed germination 
Nitrogen volatilization from manure (feces and urine), is one of the biggest problems 
related to manure applications and manure management in agricultural systems. Losses 
are known to begin as soon as manure is excreted (Larney et al., 2011). Volatilization 
losses vary among manure types and depend on many factors. Swine manure has a high 
volatilization potential because of its components and storage characteristics. Ammonia 
(NH3) volatilization from swine manure can have negative impacts on animal and human 
health, environment and even reduce the economical value of manure value as fertilizer. 
Mackie et al. (1998) estimated that $80 million of fertilizer value is lost in the United 
States annually, because of N volatilization from manures. For swine manure, USEPA 
estimated that more than 400,000 Mg of N per year are volatilized (USEPA, 2004). 
Huijsmans et al. (2001) estimated that 70% of NH3 losses occur in the first three hours 
after application. Ammonia emissions from liquid swine manure can range from 30-90% 
of total ammoniacal N applied, depending on characteristics of the soil, environment and 
manure itself (Bittman et al., 2005; Sommer et al., 1991; Thompson et al., 1987). Muck 
and Steenhius. (1981) showed that if feces and urine are mixed in manure, urea present in 
urine is then hydrolyzed by ureases present in the feces, resulting in formation of carbon 
dioxide and ammonium (NH4+). This NH4+ can then be released as gaseous ammonia 
depending on environmental conditions (Van Horn et al., 1996). It has been demonstrated 




(Adriano et al., 1973). Laboratory studies by Alfred and Ohlrogge (1964), found NH3 to 
be toxic especially in the initial stages of corn seed germination (first 2 days), and that 
free NH3 also affected emergence of germinated seeds. Volatile compounds in swine 
manure such as the NH3 are suggested to be the driving factors affecting germination and 
growth of seeds.  
 
3.2.2 Objectives 
Based on the fact that swine manure reduces germination of cover crop seeds and as 
shown in chapter 2, salinity levels in manure are not the driving factor reducing 
germination, the objective of this experiment was to expose cover crop seeds to gaseous 
components released from manure, particularly NH3, to analyze the effects these gases 
have on germination of cover crop seeds. Other objectives were to analyze possible 
effects of oxygen depletion on the germination of the cover crop species, and finally to 
understand the possible effects of these results on the slurry seeding practice. 
 
3.3 Materials and Methods 
3.3.1 Experimental Design 
Two cover crop species were selected for this experiment; crimson clover (Trifolium 
incarnatum L) and oilseed radish (Raphanus sativus L). Selection of these two species 
was based on their performance in the experiment in chapter 2 and field trial results 
obtained by Dr. Tim Harrigan when slurry seeding. Oilseed radish is affected less 




Germination units to study the effect of gases on cover crop seeds were designed for this 
experiment. The germination units consisted of urine cups filled with 100 grams of soil. 
The soil was presumed to have urease present and active, in order to promote hydrolysis 
of uric acid and urea forming NH3. Simple small frames were built inside the urine cups 
on top of the added soil, using commercial paper clips; these frames were 2.5 cm above 
the soil level, and about 1.2 cm below lid level of the urine cup, in order to allow air flow. 
On top of the frames, small holding units made with commercial 3oz paper cup bottoms 
were placed. Inside those cup bottoms, pre-moistened (DI as moistening solution) 
Seedburo Kimpak (K-22) cotton seed germination paper was placed (Figure 3.1). The 
germination paper was previously cut in the shape and size of the cup bottoms. 
Germination paper was moistened as described in chapter 2. Seven cover crop seeds were 
placed on the pre-moistened germination paper to evaluate the germination under 
controlled conditions in a growth chamber by Power Scientific, Inc, with a light intensity 
of 800-1000 lux at 23 cm from lights at 25C°. Plates were kept under controlled 
conditions for 25 days at 23°C with a 12-hr interval between light and dark at 23°C with 
a 12-hr interval between light and dark.  
Two parameters were analyzed: germination percentage and length of shoot and root 
from germinated seeds. Observations were taken every day during the week after planting. 
Samples were kept in their original state (closed lid) and observations would only assess 
any specific conditions or problems. Daily observations also allowed a daily re-
randomizing of the experimental units and it also allowed air-exchange from the growth 




kept in the closed growth chamber for a week, volatilized compounds would be released 
and passed from one sample to the other and eventually interfere with the treatments. 
At exactly one week after planting units were open, for determining the number of 
germinated seeds and for measurement of the length of the seed, all components of the 
germinated seed (radicle+hypocotyls+cotyledon+leafs). A seed was considered 
germinated if at least the radical (1cm) was observed with a 10x magnifier glass. 
Germination percentages were then calculated based on the number of germinated seeds 
and number of total seeds present in the unit. Each treatment was replicated four times in 
a randomized design, and the experiment was conducted twice. 
 
3.3.2 Treatments and unit preparation  
Treatments for this experiment varied between materials added to the units and type of lid 
used for a total of 26 treatments. Four different materials were used for this experiment 
including swine manure, deionized water (DI), urea, and glucose. Swine manure was 
collected from a shallow pit system at the Purdue University Animal Science Research 
Center facilities in West Lafayette, IN. The swine production unit contained 100 swine 
each weighing 35-45 kg fed on a corn/soybean diet. Manure was usually used the same 
day of collection and if needed for further studies placed in a cold room at 4C°. Manure 
was used at two different strengths, high or full strength manure, and ½ strength or low 
manure (diluted DI) (Table 3.1). Urea was used as a comparison treatment to provide 
NH3 volatilization without any other manure gases. A preliminary experiment was done 
evaluating N and NH3 release levels from urea (urea volatilization), NH3 release levels 




L·h-1 and the area of the container (urine cup). For full manure cumulative realease levels 
were around 3.32 (ppm) for urea estimated releases based on manure N content and urea 
N content were 4.6 (ppm). Based on these values manure and urea treatments were 
established (urea treatments matching volatilization levels of manure treatments). For 
possible repetitions of this experiment or similar tests, it was important to re-do and re-
define the volatilization parameters for each specific manure and urea as they may vary in 
N content and release pattern. The parameters were used to create a release curve and a 
formula to calculate the amount of urea needed to match volatilization levels of the 
manure. Glucose was added in order to generate different oxygen conditions in the 
experimental units. Addition of glucose was based on the desired C:N ratio, depending on 
the nitrogen source (urea or manure) and glucose. Addition of glucose was done before 
any other component was added to the treatments, with glucose manually added and 
thoroughly mixed in the soil (Figure 3.2). Addition of manure, water, and urea was done 
as the final step and those components were not mixed in order to simulate broadcast or 
surficial application conditions and field-like volatilization processes for both manure and 
urea. 
Addition of manure and urea was based on final desired moisture (gravimetric) values for 
the soil. The goal was to bring the soil to a total of 30% moisture based on weight. To 
achieve this, we took into account the moisture content of the used manure, the moisture 
in the soil (used soil was air dried), and added the amount of water needed to bring the 
soil to final 30% total moisture.  
Two large treatments groups were defined by the lid type of the units; half of the cup lids 




while the other half was tightly closed promoting anaerobic-like conditions. Perforations 
in lids were created by heating a fine metal tip and creating 10 holes in the lid to promote 
gaseous interaction with the environment. 
Each lid type group had 13 treatments as follows: one control treatment (no manure, urea 
or glucose added), with DI water as the applied solution; four full manure treatments, 
varying only in the C:N ratio (applied glucose), with no glucose added, 1:1, 5:1, and 10:1 
C:N ratios; four low manure treatments consisting of: half of the manure rate applied in 
the full strength manure + DI water needed to achieve 30% moisture, and glucose 
additions to achieve the same C:N rates as in full manure treatments; and four urea 
treatments consisting of, urea + DI water to achieve the target moisture + glucose levels..  
 
3.3.3 Statistical Analysis 
The validity of the results and variance homogeneity for the treatments and species was 
analyzed. The data were analyzed using PROC MIXED (SAS Institute, 1996). All data 
were subjected to statistical analysis. First the GLM procedure was used to analyze the 
probability to combine trials (If any variance component resulted in zero, this was 
removed to achieve a more harmonious model). Then medians and all the significant 
interactions were obtained using the LSMEAN/PDIFF procedure. After data were 
combined from both trials, analysis of variance (ANOVA) was used to evaluate 
significant differences for the species effect and the treatments effect. Least significant 
difference (LSD) with a P ≤ 0.05 was used to identify treatment differences using the 
Statistical Analysis System (SAS Institute, 1985). The data for this experiment was not 




3.4 Results and Discussion 
3.4.1 Urea volatilization 
When we analyze the effect of the urea treatments on seed germination, we can see a 
clear reduction on germination when compared to controls and even to manure treatments. 
If we would expect urea to volatilize, then we can say that presence of volatilized N 
components such as NH3 is very detrimental on germination of radish and clover. 
Addition of carbon (glucose) to urea treatments showed no significant differences 
independent of the lids or species. If we analyze the total length of germinated seeds for 
the urea treatments and compare it to manure treatments and controls, we can see very 
low values close to 0 cm for both total germination length in bulk and individually. We 
can conclude that reductions in germination are due to hydrolysis of the urea and release 
of NH3 that affects germination of seeds (Tables 3.2 and 3.3). Volatilization of urea 
forming NH3 showed negative impacts on both germination and seedling growth or 
average length of germinated seeds. Both processes are key in the success of the slurry 
seeding practice.  Urea breaks down in the soil releasing NH3 which is very toxic to seed 
germination (Alfred and Ohlrogge 1964). Some studies showed that germination of seeds 
can be affected by commercial fertilizers such as urea due to inhibitory chemical 
substances present in the fertilizer such as fluoride and biurate (Hunter and Rosenau, 
1966). Bremner and Krogmeier (1989) in Iowa studied the effects of urea on seed 
germination for wheat, barley, rye and corn; they proved that adverse effect of urea is due 
to NH3 formed through hydrolysis of urea by urease and not by urea itself or its 




(Brage et al., 1962) and that biuret in urea principally affects growth after germination of 
seeds and not germination itself (Hunter and Rosenau, 1966).  
 
3.4.2 Manure volatilization effects on cover crops 
For both radish and clover; germination percentages in the low manure treatments were 
higher than in the high manure treatments, when compared to urea treatments, both the 
low manure and the high manure showed better results in germination percentage and 
length than urea treatments for both species. Seed germination was not as affected by 
manure volatilization as it was by urea volatilization. Manure presence showed a stronger 
negative effect on germination length and growth of the seedlings than in germination 
percentages for both species when compared to the controls. This negative effect in 
growth might be devastating for the establishment and success of the cover crops in the 
slurry seeding practice. Ethylene and nitrous oxide might have helped increase 
germination of cover crop seeds for manure treatments, however we did not address the 
role of these and other gaseous manure components in this experiment. 
 
3.4.3 Species, carbon addition and lid type effect 
If we analyze the effect of lid type, and carbon additions on germination for both species 
and different nitrogen sources (manure and urea) we can see significant differences for 
both germination percentages and length of germinated seeds. 
 Crimson clover 
As shown in table 3.2 if we analyze germination percentages for crimson clover we can 




pierced units. Addition of glucose to manure treatments (low or high) in pierced units 
resulted in germination increments and in some cases resulted in no significant difference 
to the control. The opposite effect occurred with un-pierced units, where we can see 
germination reductions as a result of glucose additions in manure treatments. For urea in 
both pierced and un-pierced treatments addition resulted in no significant effect on 
germination. For crimson clover the effect on germination length was harder to see as this 
species resulted highly affected by manure and germination length was very low overall. 
Only low manure treatments and the high manure treatments with un-pierced lids, 
resulted in some increments in length of germinated seed, in this specific case it is also 
important to mention that no treatment resulted similar to the control. 
 Oilseed radish 
Table 3.3 shows the results for oilseed radish. In general being a species more resistant 
than crimson clover to manure effect, results obtained show better germination and more 
variability by the treatments effect. If we analyze germination percentages we can see 
that for treatments with pierced lids, addition of glucose resulted in a significant 
increment for germination in the low manure treatments, and no reduction in the low 
manure treatments with very good germination percentages. For un-pierced treatments, 
the effect was similar for the high manure treatments (addition of glucose resulted in 
germination increments) but for low manure treatments some reduction was found as a 
result of glucose addition. Urea treatments showed very low germinations overall for 
both lid times with a stronger detrimental effect for the treatments with pierced lids. 
When we analyze the effect on length/growth of germinated seeds we can see that for 




treatments, but reduced germination for the low manure treatments. Some low manure 
treatments were not significantly different than the control. For the un-pierced treatments 
we can see that length was significantly affected by manure when compared to the 
control. Also addition of glucose showed some increments in germination for both low 
and high manure treatments. Germination length was highly affected by urea as the 
source of nitrogen, and no clear effect was observed for lid type or manure addition. 
 
Consistent with the results and trends obtained in both species, Hunter and Rosenau 
(1966) indicated that gaseous NH3 in closed system inhibited germination of corn seeds 
by more than 32%. In the same study, they indicated that NH3 and/or NH4+ 
reduced/affected germination but had little detrimental effect on growth of germinated 
corn seedlings. Woodstock and Tsao (1986) analyzed the influence of NH3 vapors on the 
dry seeds of soybean, corn and peanut, and they found that toxic levels of NH3 became 
more severe with exposure duration and at higher temperatures. Therefore, we conclude 
that ammoniacal vapors were most likely the driving factor reducing germination of the 
studied species. Studies by Tam and Tiquia (2004) found a higher detrimental effect and 
sensitivity on root elongation and growth of seedlings of lettuce, cabbage, tomato, and 
green beans seeds than in germination percentages as a result of toxicity to pig litter. 
They concluded that elevated concentrations of NH4+ present in the litter were the main 
factor for the phytotoxicity of the litter. These studies in China found that elevated 
concentrations of extractable Cu in pig litter resulted in germination inhibitions while 
NH4+ was the main factor affecting growth and development. Other studies had 




B.parachinensis (Ellis et al., 1991; Wong et al., 1983). Gupta and Doherty (1990) showed 
that toxicity of poultry litter is the result of the presence of NO3, NH3, organic and 
inorganic salts. 
 
3.4.4 Species performance 
Even though species were not compared statistically due to lack of homogeneity we 
could see from the results in tables 3.2 and 3.3 that germination percentages for radish 
ranged from 9-48% as a result of urea volatilization and presence of ammonia, while for 
crimson clover germination percentages ranged from 0-39%. In most cases and 
particularly in manure treatments, radish showed better germination than crimson clover. 
Radish also proved to be more resilient to addition of glucose. Results for germination as 
affected by manure were also significantly higher for radish when compared to the clover. 
Based on this information we would recommend the radish as the more suitable species 
to be combined with manure use. 
 
3.5 Conclusions 
Nitrogen volatilization proved to have a detrimental effect on germination of crimson 
clover and oilseed radish that effect seemed to be higher on growth of germinated seeds 
than on germination itself. A mixture of components in manure and the presence of free 
ammoniacal forms may be the driving factors reducing germination and affecting the 
length of germinated seeds for both crimson clover and oilseed radish. Oilseed radish 
showed less sensitivity to the effect of gaseous N forms from manure and urea 




gases released by manure volatilization might have played an important role in the 
outcomes of this experiment; ethylene and nitrous oxide might have helped germination 
of cover crop seeds, ethylene has been used as an accelerator in seed germination and 
might had played a big part in increasing germination for manure treatments.  In the case 
of urea, we see a clear reduction in germination and growth and can relate that directly to 
presence of NH3 from N volatilization. 
At field scale, the results obtained suggest that management of manure is important in 
order to reduce volatilization and NH3 toxicity that might affect germination.  
Temperature (increased temperature promotes NH4+-N formation and ammonia 
volatilization), segregation of urine and feces (prevents urea hydrolysis), and acidification 
(as pH increases toxicity effects of NH3/NH4+ will increase), can be some important 
strategies to reduce or slow NH4+ formation and NH3 volatilization. Addition of urease 
inhibitors should also be analyzed and considered as part of the practice, in order to 
reduce ammonia toxicity and minimize negative impacts from manure use on cover crop 
seeds. Field and climate conditions can also play a key role in the practice. Rain or 
irrigation following the practice represent an opportunity for toxic components to move 
and be removed from germination areas and therefore increase the germination and 
establishment of cover crops. Incorporation of manure into the soil reduces volatilization; 
therefore the original slurry seeding methodology developed by Harrigan et al. (2006) 
would likely reduce the negative effect of N volatilization and increase germination and 





3.6 Acknowledgements  
This project was funded in part by the NRCS Conservation Innovation Grants program. 
Special thanks to the Purdue Animal Science Research Center; to Dr. Lori Snyder and the 
Crop Resource Center team for their contribution with equipment and working materials, 
to Judy Santini for her assistance with statistical analyses, to Suzanne Cunningham for 
her support with materials for this experiment, to Kaileigh Calhoun, Joe Rorick, and 
Stephany Tandazo for their help with laboratory preparation. To Blucher Menelas and 
Chun Zhao for their technical assistance with laboratory settings and materials, and to 







Adriano, D.C., Chang, A.C., Pratt, P.E. and Sharpless, R. 1973. Effect of soil application 
of dairy manure on germination and emergence of some selected cover crops. J. 
Environ. Qual. 2:396-399 
Alfred, S.E., and A.J. Ohlrogge. 1964. Principles of nutrient uptake from fertilizer bands: 
VI. Germination and emergence of corn as affected by ammonia and ammonium 
phosphates. Agron. J. 56:309-131 
Ball-Coelho, B.R., R.C. Roy, amd C.J. Swanton. 200. Tillage and cover crop impacts on 
aggregation of a sandy soil. Can. J. Soil Sci. 80:363-366 
Bittman, S., L.J.P. van Vliet, C.G. Kowalenko, S. McGinn, D.R. Hunt, and F. Bounaix. 
2005. Surface-banding liquid manure over aeration slots: A new low disturbance 
method for reducing ammonia emissions and improving yield of perennial grasses. 
Agron. J. 97:1304-1313. 
Brage, B.L., W.R. Zich, and L.O. Fine. 1960. The germination of small grain and corn as 
influenced by urea and other nitrogenous fertilizers. Soil Sci. Amer. Proc. 24:294-
296. 
Bremner, J.M., and M.J. Krogmeier. 1989. Evidence that the adverse effect of urea 
fertilizer on seed germination in soils is due to ammonia formed through 
hydrolysis of urea by soil urease. Proc. Natl. Acad. Sci. 86:8185-8188. 
Ellis, J.E., McSay, E and Workman, S.M., 1991. Toxic effects of manure, alfalfa and 





Gupta, G., and Doherty, M., 1990. Effect of composting and number of flocks on poultry 
litter extract BOD and toxicity. J. Water. Air. Soil. Pollut. 51:139-145 
Harrigan, T.M., D.R. Mutch, and S.S. Snapp. 2006. manure slurry-enriched micro-site 
seeding of biosuppresive covers. Appl. Eng. Agric. 22:827-834. 
Huijsmans, J.F.M., J.M.G. Hol, and M.M.W. Hendriks. 2001. Effect of application 
technique, manure characteristics, weather and field conditions on ammonia 
volatilization from manure applied to grassland. Neth. J. Agric. Sci. 49:323-342 
Hunter, A.S., and W.A. Rosenau. 1966. The effects of urea, biuret, and ammonia on 
germination and early growth of corn. Soil Sci. Soc. Amer. Proc. 30:77-81. 
Jeffery, J.J. and Uren, N.C., 1979. The effect of the application of piggery effluent to 
soild and pastures. Prog. Water. Tech., 11:275-282 
Karlen, D.L., and C.A. Cambardella. 1996. Conservation strategies for improving soil 
quality and organic matter storage. P. 395-420. In M.R. Carter and B.A. Stewart 
(ed.) Structure and organic matter storage in agricultural soils. Advances in Soil 
Science. CRC Press Inc., New York. 
Kaspar, T.C., T.B. Parkin, D.B. Jaynes, C.A. Cambardella, D.W. Meek, and Y.S. Jung. 
2006. Examining changes in soil organic carbon with oat and rye cover crops 
using terrain covariates. Soil Sci. Soc. Am J. 70:1168-1177. 
Kladivko, E.J., J.R. Frankenberger, D.B. Jaynes, D.W. Meek, B.J. Jenkinson, and N.R. 
Fausey. 2004. Nitrate leaching to subsurface drains as affected by drain space and 
changes in crop production systems. J. Environ. Qual. 33:1803-1813 
Langdale, G.W., and R.L. Blevins. D.L. Karlen, D.K. McCool, M.A. Nearing, E.L. 




on soil erosion by wind and water. P. 15-22. In W.L. Hargrove (ed.) Cover crops 
for clean water. Proc. Int. Conf, Jackson, TN. 9-11 April 1991. Soil and Water 
Conserv. Soc., Ankeny, IA. 
Larney F.J., X. Hao and E. Topp. 2011. Manure management. In. Soil Management: 
Building a Stable Base for Agriculture. Hatfield, J.L. and T.J. Sauer. Amer. Soc. 
Of Agron. And Soil Sci. Soc. Of Amer.  247-263. Madison. WI. 
Mackie, R.I., P.G. Stroot, and V.H. Varel. 1998. Biochemical identification and 
biological origin of key odor components in livestock waste. J. Anim. Sci. 
76:1331-1342 
Meisinger, J.J., W.L. Hargrove, R.L. Mikkelsen, J.R. Williams, and V.W. Benson. 1991. 
Effect of cover crops on groundwater quality. p. 57-68. In W.L. Hargrove (ed) 
cover crops for clean water. Proc. Int. Conf., Jackson, TN. 9-11 April 1991. Soil 
and Water Conserv. Soc., Ankeny, IA. 
Muck, R.E., and T.H. Steenhuis. 1981. Nitrogen losses in free stall dairy barns. p. 406. In 
Livestock waste: A renewable resource. Proc. 4th Int. Symp. On Livestock Wastes, 
Amarillo, TX. 15-17 Apr. 1980. Am. Soc. Agric. Eng., St. Joseph, MI. 
Singer, J.W., S.M. Nusser, and C.J. Alf. 2007. Are cover crops being used in the US corn 
belt? J. Soil Water Conserv. 62:353-358. 
Sommer, S.G., and J.E. Olsen. 1991. Effects of dry matter content and temperature on 
NH3 loss from surface-applied cattle slurry. J. Environ. Qual. 20:679-683. 
Tam, N.F.Y., and S. Tiquia. 1994. Assesing toxicity of spent pig litter wing a seed 




Thompson, R.B., J.C. Ryden, and D.R. Lockyer. 1987. Fate of nitrogen in cattle slurry 
following surface application or injection to grassland. L. Soil Sci. 38:689-700. 
USEPA. 2004. National emission inventory – Ammonia emissions from animal 
husbandry operations. Draft Report [online]. Available at 
http://www.epa.gov/ttnchie1/ap42/ch09/related/nh3inventorydraft_jan2004.pdf 
(verified 18 Aug. 2012). USEPA, Washington, D.C. 
Wong, M.H., and A.D. Bradshaw., 1982. A comparison of the toxicity of heavy metals 
using rood elongation of ryegrass, Lolium perenne. New Phytol. 91:255-261. 
Wong, M.H., Y.H. Cheung, and C.L. Cheung. 1983. The effects of ammonia and 
ethylene oxide in animal manure and sewage sludge on the seed germination and 
rood elongation of Brassica parachinensis. Environ. Pollut. Ser. A 30:109-123. 
Woodstock, L.W., and H. Tsao. 1986. Influence of ammonia vapors on the dry seeds of 
soybean, corn and peanut. J. Crop Sci. 26:631-634. 
 
59
Figure 3.1 Germination units were formed by soil mixed with glucose (if necessary by 
the treatment), surficial application of manure or water, establishment of the frames, and 





Figure 3.2 Addition of glucose was done manually, trying to mix the glucose in about 2/3 
of the total depth of the sample. Mixing was done until very few remaining glucose 





Table 3.1 Nutrient content of swine manure used in both laboratory experiments. Swine 
manure was collected from a shallow pit systems and composition of the manure was 
determined by A&L Great Lakes Laboratory in Fort Wayne, IN. Values shown represent 
averages for two duplicates per sample taken (one sample per trial). 
  First Trial Second Trial 
Parameter Content (%) SD+ Content (%) SD 
Moisture, % 98 0.01 99 0.02 
Solids, % 3 0.01 4 0.03 
Total N, % 0.4 0.01 0.4 0.01 
NH4-N, % 0.3 0.01 0.3 0.01 
Organic N, % 0.2 0.03 0.1 0.01 
P, % 0.0 0.00 0.1 0.02 
K, % 0.0 0.00 0.2 0.01 
S, % 0.0 0.00 0.0 0.00 
Mg, % 0.0 0.00 0.1 0.01 
Ca, % 0.0 0.00 0.0 0.00 
Na, % 0.1 0.02 0.0 0.00 
Al (mg·L-1) 19 0.7 16 0.6 
Cu (mg·L-1) 11 3.1 8 0.3 
Fe (mg·L-1) 102 0.2 137 2.2 
Mn (mg·L-1) 15 2.8 9 1.2 
Zn (mg·L-1) 40 1.4 63 0.7 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 4. EVALUATION OF SURFICIAL SLURRY SEEDING ON COVER 
CROPS GERMINATION IN MINI PLOTS 
4.1 Abstract 
The cover crop slurry seeding methodology developed by Harrigan et al. (2006) consists 
of shallow injection of a manure/seed mixture into the soil, creating enriched microsites 
that promote seed-manure interaction. To achieve the goals of this methodology, most 
manure applicators need to optimize their equipment (include seed dropping tubes, or 
upgrade their equipment for mixing and planting of seeds and manure). For farmers 
accustomed to doing broadcast applications of manure, these changes may represent 
technical and economical challenges. Studying surficial slurry seeding as an alternative to 
the original methodology (broadcast manure application + cover crop broadcast planting, 
instead of the shallow combined injection), might represent a simpler and less expensive 
version of the original slurry seeding. The objectives of this study were: 1) to evaluate the 
effect of surficial seeding carrier solution (manure or water), 2) to evaluate the effect of 
timing of a first and second rainfall event after seeding, on germination of surficial slurry 
seeded cover crops, and 3) to analyze the success of surficial slurry seeding as a variation 
of the slurry seeding concept. 
Mini plots of 7.5 x16 cm were constructed simulating a crack in the soil, similar to the 
one caused by aeration systems in the back of most manure applicators. Treatments for 




seeding carrier), and either single or double rainfall patterns at different times (1, 1+5, 
3+7, 7, 7+11 days after seeding). Four cover crops were selected for this experiment 
(annual ryegrass, crimson clover, daikon radish, and cereal rye). Seeding rates were 
calculated based on weight, using recommended aerial/surficial seeding rates for each of 
the studied cover crops (annual ryegrass 22.4 kg·ha-1; cereal rye 67.3 kg·ha-1; crimson 
clover 22.4 kg·ha-1; radish 11.2 kg·ha-1). Manure (and water) application for each mini 
plot was calculated based on an average application of 60800 L/ha. Reductions in 
germination percentages (around 50% less), for all species were found when manure was 
used as solution for surficial slurry seeding compared to water treatments. All manure 
treatments for all species ranged between 30 and 65% germination, while water seeded 
treatments ranged from 50 to 100% germination. Even when rainfall is 1 day after 
application, germination is reduced by manure. If rainfall occurs at 7 days after 
application there is no benefit in germination with either manure or water. Double rain 
events beginning 3 days after seeding, increased germination, however, germination with 
manure was always substantially less than with water. Species don’t appear to be 
differentially sensitive to manure in this field experiment. Ideally any slurry seeding 
process should try to approach the methodology developed and implemented by Harrigan 
et al. (2006), but if constraints are present, surficial slurry seeding can be an option to 






Manure management in agricultural systems represents a complex challenging operation; 
when correctly managed, it can represent the successful inclusion of one more key step in 
the nutrient cycling process, and represent benefits for farming operations. However, 
when mismanaged, it can lead to negative impacts environmentally and economically. 
Slurry seeding consists in the practice of co-applying cover crop seed and swine manure 
as a means to save fuel, time, and labor, and to enhance the cover crop establishment. The 
concept and methodology of slurry seeding was originally created by Harrigan et al. 
(2006), and it promotes the creation of enriched microsites in the soil by combining a 
shallow injection of manure with the seeding of cover crops. Optimization of manure 
application equipment, to match the original slurry seeding methodology, was very 
difficult in Indiana. As a result of this challenge, we decided to modify the original 
concept and methodology, to a simpler manure application method: manure broadcast 
application combined with broadcast seeding of cover crops, in what we called “surficial 
slurry seeding”. 
 
4.2.1 Slurry seeding vs. surficial slurry seeding of cover crops: 
The slurry seeding methodology developed by Harrigan et al. (2006) consists of a 
shallow injection of manure with the seed into the soil, creating enriched microsites to 
facilitate the seed-manure interaction. In order to achieve the goals of this methodology 
most manure applicators need to optimize their equipment (include seed dropping tubes, 
or upgrade their equipment for mixing and planting of seeds and manure) and these 




broadcast applications of manure, those changes or adjustments represent a serious 
challenge and in some cases it could lead to economically unfeasible practices. Farmers 
that rent equipment, or hire an external applicator for their manure, would experience 
more difficulties to achieve the original methodology, as they do not own equipment, and 
their needs might represent only a small portion of the total equipment use. Studying the 
characteristics of surficial slurry seeding, as a “worst case scenario” modification of the 
original slurry seeding methodology (broadcast manure application + cover crop 
broadcast planting), becomes important, as it might represent a simpler and cheaper 
version of slurry seeding. It could also represent a window for faster adoption of the 
practice among farmers. 
 
4.2.2 Background and objectives 
It is important to understand that neither broadcast application of manure or surficial 
planting of cover crops represent the best methodology for each practice. It has been 
widely shown that manure incorporation into the soil has a wide range of beneficial 
effects when compared to broadcast applications. Manure incorporation can decrease 
runoff potential, reduce volatilization (thus reducing odors and losses) and conserve N 
(Sutton et al., 2010). Cover crops surficially seeded usually have higher seeding rate 
recommendations (+ 20-50%) than incorporated methods to compensate for losses; these 
losses can be due to biological reasons such as birds and other animals, or physical like 
runoff and seed misplacement. 
It is important to understand that the recommendation will always be to move towards the 




seeding would work with a modified application of the concept. Expansion of the slurry 
seeding concept may enable better understanding of the concept, by obtaining a better 
understanding of the interactions in place. 
Due to the effect of solution immersion time on cover crop seed germination (Chapter 2), 
the importance of rainfall on manure volatilization, nitrogen movement, and ion 
concentration, and rainfall interaction effect with manure following its surficial 
application in fields (Larney et al., 2011), we decided to study the effect of the first and 
second rainfall after seeding, on germination of surficial slurry seeded cover crops. 
The objectives of this study were to evaluate the effect of surficial seeding solution and 
rainfall pattern after seeding on germination of cover crops, and also to analyze the 
success of surficial slurry as a modification of the slurry seeding concept. 
 
4.3 Materials and methods 
4.3.1 Mini plots preparation and experimental design: 
This experiment was conducted at the Purdue Agronomy Center for Research and 
Education (ACRE), in West Lafayette, IN. Soil was Chalmers silty clay loam (Fine-silty, 
mixed, superactive, mesic Typic Endoaquolls ). Four cover crop species: annual ryegrass 
(Lolium multiflorum L), crimson clover (Trifolium incarnatum L), daikon radish 
(Raphanus sativus L), and cereal rye (Secale cereal L) were seeded. Treatments for each 
species varied between seeding solution (manure vs. water as the surficial slurry seeding 
carrier), and either single or double rainfall patterns at different times (1, 1+5, 3+7, 7, 
7+11 days after seeding). Mini plots were constructed simulating a crack in the soil, 




(Figure 4.1). A common drill was attached to a tractor, and a onetime pass was done to 
simulate this crack. After that, mini plots of 7.5 x16cm were delimited for each treatment 
following the pattern of the crack and leaving 30 cm between mini-plots to act as buffer 
(Figure 4.2). Four replications per treatment were set in a randomized block design, and 
the experiment was conducted twice.  
 
4.3.2 Surficial slurry/solution seeding: 
The methodology developed, tried to simulate actual field conditions of surficially slurry 
seeded cover crops, when using a broadcast splash plate tank applicator with aeration 
system. Solution (swine manure or water) and seed were manually mixed (shaken for five 
seconds) in 2L wide mouth Nalgene plastic bottles, simulating the mixing process inside 
the applicator tank and then surficially applied in the soil crack that simulated the effect 
of the aerator or disk (Figure 4.3).  
Seeding rates were calculated based on weight, using recommended aerial/surficial 
seeding rates for each of the studied cover crops (annual ryegrass 22.4 kg·ha-1; cereal rye 
67.3 kg·ha-1; crimson clover 22.4 kg·ha-1; radish 11.2 kg·ha-1). Average (four samples) 
weights and seed count for each species mini plot application were: annual ryegrass 0.3 g 
= 99 seeds; cereal rye 0.61 g = 25 seeds; crimson clover 0.25 g = 52 seeds; daikon radish 
0.31 g = 17 seeds. 
Germinated seeds were counted daily, and seeds were considered germinated when 
visible to the naked eye. Seeds were counted for 30 days and germination percentage was 




readings), and the total number of seeds planted. Seeds were counted by kneeling and 
closely looking at the total mini plot area.  
Manure (and water) application for each mini plot was calculated based on an average 
application of 60800 L/ha (common in IN). Swine manure was collected from a shallow 
pit system at the Purdue University Animal Science Research Center facilities in West 
Lafayette, IN. The swine production unit contained 100 swine each weighing 35-45 kg 
fed on a corn/soybean diet. Manure was usually used the same day of collection and if 
needed for further studies placed in a cold room at 4°C. Composition of the manure was 
determined by A&L Great Lakes Laboratory in Fort Wayne, IN (Table 4.1). This 
experiment was conducted twice, the first time in fall of 2010 (first week of October with 
an average temperature of 12C°), the second setting was done in 2011 (first week of 
September with an average temperature of 18C°). Both experiments were combined and 
the data shown represent averages for a total of 8 repetitions per treatment in both trials. 
 
4.3.3 Simulated Rainfall Pattern: 
To study the rainfall pattern effect on surficial seeding, plastic frames were built to 
protect the mini plots from natural rainfall. These frames were removable to allow 
application of simulated “rainfall” on each treatment. Frames were left on to cover the 
plots for 15 days. After this period most plots reached their final germination.  Simulated 
rainfall events consisted of 1.2 cm of water (based on an averaged event size in Aug-Oct 
in Tippecanoe County, Indiana) per mini plot area. The water was applied with a 
watering can and was distributed as evenly as possible throughout the mini plot. Water 




4.3.4 Statistical analysis 
All data were subjected to statistical analysis. First the GLM procedure was used to 
analyze the probability to combine trials. Then medians and all the significant 
interactions were obtained using the LSMEAN/ PDIFF procedure. After data were 
combined from both trials, analysis of variance (ANOVA) was used to evaluate 
significant differences for the species effect and the treatments effect. Least significant 
difference (LSD) with a P ≤ 0.05 was used to identify treatment differences using the 
Statistical Analysis System (SAS Institute, 1985). 
 
4.4 Results and discussion 
4.4.1 Manure vs. water as surficial seeding solution. 
Results showed significant reductions in germination percentages for all species, when 
manure was used as carrier, compared to water as the surficial seeding solution. All four 
species independent of the rain pattern had considerably higher germination (about two 
times higher) when water was the seeding solution compared to manure surficially seeded 
treatments (Table 4.2). 
Even when rainfall is 1 day after application, germination is reduced by manure. Species 
don’t appear to be differentially sensitive to manure in this field experiment. All manure 
treatments for all species ranged between 30 and 68% germination, while water seeded 
treatments ranged from 50 to 100% germination. These reductions are really important as 





Some reduction in germination levels may be expected as a result of surficial slurry 
seeding, a method that could be compared to broadcast seeding of cover crops. Because 
seeds are not incorporated into the soil, losses may occur due to natural effects (birds and 
other animals eating the seeds) and also physical effects such as runoff. Studies by Fisher 
et al. (2011) showed that incorporating seeds of cover crops (winter wheat and cereal rye) 
into the soil resulted in better stands of cover crops and subsequently more N capture 
from the cover crop. They also indicated that broadcasting cover crop seeds makes results 
highly dependent on rainfall and temperatures. Harrigan et al. (2010) found in field trials 
that slurry seeding usually leads to lower plant population densities than drilling cover 
crops but also higher plant biomass. Therefore some reduction in seed germination could 
be acceptable, but probably not as high as 45-70%. Low germination percentages may 
lead to poor crop stands and eventually few or no positive results from cover crop use.  
 
4.4.2 Rainfall pattern effect on germination of surficial seeded cover crops 
For rye and annual ryegrass 1+5 treatments, double rainfall event treatments within the 
first week after seeding (1+5 and 3+7 days) showed significantly higher germination 
percentages when compared to single rainfall events. For all water seeded treatments 
these double rainfall event treatments within the first week showed the highest 
germination values, while for manure treatments the 3+7 days treatment showed the 
highest results. If rainfall occurs at 7 days after application there is no benefit in 
germination with either manure or water. Double rain events beginning 3 days after 
seeding, increased germination, however, germination with manure was always 




of fields following manure applications can improve N retention from the applied manure, 
by allowing NH3 to dissolve in the water, move into the soil profile, and allow adsorption 
of NH4+ and NH3 by soil constituents. If we tie this concept with the establishment and 
growth of a cover crop, we can increase nutrient recycling and reduce losses, thus 
reducing the environmental risks of manure application. Reduction of NH3 emissions and 
improvement in N cycling can also lead to lower intensity of manure odor, which 
sometimes represents a strong problem with manure applications especially in fields near 
urban areas. McGin et al. (2003) found direct relationships between NH3 concentrations 
and odor levels. 
 
4.5 Conclusions 
Significant reductions in germination percentages (around 50% less) for all species were 
found, when manure was used as solution for surficial slurry seeding compared to water 
treatments. All manure treatments for all species ranged between 30 and 68% 
germination, while water seeded treatments ranged from 50 to 100% germination. These 
reductions are really important, and may represent a serious threshold for the success of 
the surficial slurry seeding methodology. Low germination percentages may lead to poor 
cover crop stands and eventually few or no positive results from cover crop use.  
Even when rainfall is 1 day after application, germination is reduced by manure. If 
rainfall occurs at 7 days after application there is no benefit in germination with either 
manure or water. Double rain events beginning 3 days after seeding, increased 








Special thanks to Tim Harrigan and the Michigan State University Department of 
Biosystems and Agricultural Engineering for their collaboration during the project, to 
Purdue University Agronomy Department and its staff for its support; to Purdue Animal 
Science Research Center; to Corey Gerber and the Crop Diagnostic and Training Center  
for their contribution with equipment and working materials; to Judy Santini for her 
assistance with statistical analysis; to Jason Cavadini, Jessica Garvert, Kaylissa Horton, 
Jonathan Moore, Adriane Huber, Nick Chapel, Anna Keller, and Stephany Tandazo for 
their extensive contribution in field work. This project was partially founded by the 





Fisher, K.A., B. Momen, and R.J. Kratochvil. 2011. Is broadcasting seed and effective  
winter cover crop method? Agron. J. 103:472-478 
Harrigan, T.M., D.R. Mutch, and S.S. Snapp. 2006. Manure slurry-enriched micro-site 
seeding of biosuppresive covers. Appl. Eng. Agric. 22:827-834 
Larney F.J., X. Hao, and E. Topp. 2011. Manure management. In. Soil Management: 
Building a Stable Base for Agriculture. Hatfield, J.L. and T.J. Sauer. Amer. Soc. 
of Agron. and Soil Sci. Soc. Of Amer.  247-263. Madison. WI. 
McGin, S.M., H.H. Janzen, and T. Coates. 2003. Atmospheric ammonia, volatile fatty 
acids, and other odorants near beef feedlots. J. Environ. Qual. 32:1173-1182. 
SAS Institute, Inc. 1985. SAS user’s guide: Statistics. 5th ed. SAS Inst. Cary, N.C.  
Sutton, A.L, B.C. Joern, and D. Jones. 2010. Total farm nutrient management – manure 







Table 4.1 Nutrient content of swine manure used for both trials. Swine manure was 
collected from a shallow pit system at the Purdue University Animal Science Research 
Center facilities in West Lafayette, IN. The swine production unit contained 100 swine 
each weighing 35-45 kg, under a corn/soybean diet, composition of the manure was 
determined by A&L Great Lakes Laboratory in Fort Wayne, IN  
  First Trial Second Trial 
Parameter Content (%) SD+ Content (%) SD 
Moisture, % 92 0.03 94 0.03 
Solids, % 5 0.01 6 0.01 
Total N, % 0.7 0.03 0.6 0.03 
NH4+-N, % 0.4 0.02 0.3 0.02 
Organic N, % 0.3 0.03 0.3 0.03 
P, % 0.2 0 0.1 0 
K, % 0.2 0 0.2 0 
S, % 0.1 0 0.1 0 
Mg, % 0.1 0 0.1 0 
Ca, % 0.3 0 0.3 0.01 
Na, % 0 0 0.0 0 
Al (mg·L-1) 29 0.9 31 0.9 
Cu (mg·L-1) 19 0 21 0.02 
Fe (mg·L-1) 290 12 269 14 
Mn (mg·L-1) 31 3 33 2 
Zn (mg·L-1) 165 4 177 2 

























































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.1 Example of an aeration system usually found in manure applicators, where the 
aeration system creates a crack in the soil that promotes incorporation and movement of 
manure through the soil profile. Simulation of these soil disturbances was done with a 





Figure 4.2 Distribution of the mini plots in the field. In the background of the picture one 






Figure 4.3 Soil surface after the application of the slurry seeded mix (solution+seed), 
showing the uniform distribution of the seeds throughout the mini plot. It is also 





CHAPTER 5. SURFICIAL SLURRY SEEDING OF ANNUAL RYEGRASS WITH 
SWINE MANURE - FIELD TRIALS 
5.1 Abstract 
Slurry seeding is the practice of co-applying cover crop seed and swine manure as a 
means to save fuel, time, labor, and enhance the cover crop establishment. The ideal 
slurry seeding application, as defined by Harrigan et al. (2006), consists of a shallow 
injection of manure with the seed into the soil, creating and promoting enriched 
microsites to facilitate the seed-manure interaction. The ideal equipment to do the 
combined injection represents an economical and practical impediment to some farmers 
accustomed to surficial/broadcast manure applications. For this experiment we were not 
able to adapt any existing equipment or find applicators in the area to match the ideal 
methodology, so instead we decided to analyze the suitability and success of surficial 
slurry seeding, which consists in combining broadcast application of manure with 
broadcast planting of a cover crop in one pass. The objectives of this experiment were to 
evaluate the success of surficially slurry seeding annual ryegrass with swine manure to 
analyze the impact of cover crop on nutrient recycling and nutrient uptake from the 
applied swine manure. Three field trials on cooperator’s farms in Putnam County, IN 
were established. Four different treatments were designed to evaluate the effect of 
surficially slurry seeded cover crops on soil characteristics and main crop yields. The 
treatments were, Treatment A: surficial manure application + cover crop broadcast 
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seeding (surficial slurry seeding) + 200 kg·ha-1 N application (high); Treatment B: 
surficial manure application + cover crop broadcast seeding (surficial slurry seeding) + 
20 kg lower N application (low); Treatment C: surficial manure application + 200 kg·ha-1 
N application (high); Treatment D: surficial manure application + 20 kg·ha-1 lower N 
application (low). The dry fall conditions of 2010 drastically affected germination and 
growth of the cover crop. Germinated seeds followed a germination pattern following the 
divots created by the aeration system on the back of the manure application tank. This 
pattern may support the Harrigan et al. (2006) slurry seeding original methodology and 
hypothesis that pursues the creation of enriched microsites in the soil. Results show that: 
cover crop use resulted in corn yield differences (increments) that ranged between 10-14 
bu/acre (630-882 kg·ha-1) for the low N treatments, while differences in the high N 
treatments ranged between 3-5 bu/acre (189-315 kg·ha-1). Yield increments may be due to 
improved nutrient cycling (N scavenging) and higher microbiological activity as a result 
of annual ryegrass. Results also showed that when annual ryegrass was used as cover 
crop, yield differences between high and low N treatments ranged from 0-3 bu/acre; 
while differences between N treatments when no cover crop was present ranged from 10-
11 bu/acre. The most logical explanation for these differences is that cover crop use 
improved nutrient cycling and increased nutrient uptake from the applied manure. Annual 
ryegrass seemed to help capture and recycle N from the manure, thus reducing the need 
for additional fertilizer. The N tissue values for annual ryegrass for fall 2010 (dry weather, 
low population density and poor growth), ranged from 18-21 kg·ha-1, while in spring with 
greater growth they ranged from 29-32 kg·ha-1. The surficial slurry seeding methodology 
proved to be viable and effective, with manure and seed easily mixed in the tank and 
85 
 
evenly distributed on the soil. However it is important to remember that the slurry 
seeding practice should try to simulate the ideal methodology as established by Harrigan 




Slurry seeding is the practice of co-applying cover crop seed and swine manure as a 
means to save fuel, time, labor, and enhance the cover crop establishment. The ideal 
slurry seeding application, as defined by Harrigan et al. (2006), consists of a shallow 
injection of manure with the seed into the soil, creating and promoting enriched 
microsites to facilitate the seed-manure interaction. The ideal equipment to do the 
combined injection represents an economical and practical impediment to some farmers 
accustomed to doing broadcast manure applications. For this experiment, we were not 
able to adapt any existing equipment or find applicators in the area to match the ideal 
methodology; so instead, we decided to analyze the viability and success of adding a 
broadcast planting of cover crops in farming systems that apply manure surficially as 
broadcast material. We called this modification surficial slurry seeding. 
It has been well documented, that surficial application of manure promotes nutrient losses 
due to volatilization and runoff. Around 30 to 70% of the ammonium-N in the manure 
volatilizes within a week from broadcast manure applications (Thompson and Meisinger, 
2002). If we understand that incorporation of manure into the soil can reduce these losses 
but also exacerbate nitrate leaching, we can say that, including a factor or element that 
can tie up the nitrate, such as a fast growing cover crop, would become a key component 
for nutrient cycling. Sutton and Joern (2012) recommended that if manure incorporation 
is not possible, manure should then be applied to fields with crops or substantial crop 
residue present, in order to reduce losses and increase nutrient cycling (crops extract 
nutrients and residues trap nutrients). They also recommended that for fall manure 
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applications such as the ones in this experiment, cover crops should be present to take up 
nutrients present in the manure and to reduce runoff and erosion. 
Addition of cover crops in manure broadcast applications represents a simple adjustment 
to the operation that might lead to increased nutrient cycling. Other manure application 
systems, such as drop tubes and injection, may require more difficult (technical and 
economical) adjustments in order to include cover crop planting in the same operation. 
Farmers who usually inject/incorporate manure into the soil would not only have more 
difficulties adjusting their equipment for the slurry seeding practice; but they also may be  
hesitant to return to a surficial applications as they already know the benefits of manure 
incorporation. Creating systems and equipment that can be easily adopted and 
implemented at low cost, represents a great opportunity for the adoption of cover crops 
and the development of the slurry seeding practice. 
Broadcast planting of cover crops results in lower germination percentages, therefore 
higher seeding rates are required for this practice when compared to drilling or planting 
into the soil. Some potential problems for broadcast planting include low soil moisture, 
uneven distribution of seeds, seedling death and uneven depth. Rainfall after this 
broadcast planting is critical and incorporation of seeds can greatly increase the 
germination and stands of the desired cover crop. 
Annual ryegrass represents a good cover crop alternative for farmers in the Midwestern 
region. It is a quick growing, non-spreading bunch grass, and the physiological 
characteristics makes the species very suitable for nitrogen scavenging, soil tilth 
generation, subsoil loosening, and erosion prevention. It can also be used as a grazing 
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crop. Its average price is significantly lower than other cover crops such as oilseed radish, 
and seed is highly available in the region.  
It is important to understand that annual ryegrass, as most cover crops, requires an 
important amount of understanding and management. If mismanaged, annual ryegrass has 
a high weed potential and can lead to reductions in nitrogen availability for the main crop 
(N release from the cover crop can be delayed and therefore miss the actual needs of the 
main crop). The best management for small grain and grass cover crops is to kill the 
stand two weeks before planting of the main crop, or when the cover crop reaches a 
considerable height (6-8 inches) (MCCC Pocket Guide, 2012). 
The objectives of this experiment were to evaluate the success of surficially slurry 
seeding annual ryegrass with swine manure, and to analyze the impact of the cover crops 
in nutrient cycling when combined with manure applications. 
 
5.3 Materials and Methods 
 
5.3.1 Fields and experimental layout: 
Three cooperating farmer fields were located in Greencastle, Putnam County, IN. Soil at 
the farms was defined as Russell silt loam (Fine-silty, mixed, superactive, mesic Typic 
Hapludalfs).. All farms were very similar with little variability between and within fields. 
Field A had 8 plots of 12 x 396 m each, field B had 12 plots of 12 x 213 m each, and field 
C had 8 plots of 18 x 335 m each. Fields were flagged and marked with GPS for 
sampling and data collection. Depending on the number of plots, the fields had two or 
three repetitions with fields A and C having two repetitions and field B three. The 
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seeding date for fields A and B was September 24, 2010 and for field C September 27, 
2010. These dates are later than the ideal for an optimum development of the cover crop, 
but still represent a good time period for establishment and growth. All fields were under 




Four different treatments were designed to evaluate the effect of surficially slurry seeded 
cover crops on soil characteristics and main crop yields. Treatments were randomly 
distributed in the field in a split plot design. The two variables of the experiment were, 
implementation of cover crops in the manure application process (slurry seeding), and the 
reduction in nitrogen application. The treatments were, Treatment A: surficial manure 
application + cover crop broadcast seeding (surficial slurry seeding) + 200kg·ha-1 N 
application (high); Treatment B: surficial manure application + cover crop broadcast 
seeding (surficial slurry seeding) + 20 kg lower N application (low); Treatment C: 
surficial manure application + 200kg·ha-1 N application (high); Treatment D: surficial 
manure application + 20 kg·ha-1 lower N application (low).  
 
5.3.3 Surficial Slurry Seeding 
Due to the lack of equipment to incorporate the manure and seed into the soil in the same 
application, a variation called surficial slurry seeding (broadcast manure application + 
broadcast planting) was studied. This process does not represent the ideal slurry seeding, 
nor succeeds in its final goal of creating enriched microsites in the soil. Broadcast manure 
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application increases nutrient losses and broadcast planting reduces germination 
percentages. This methodology may represent a viable option to the original practice and 
may allow an increased use of cover crops.  
Surficially slurry seeding started by weighing the seed and calculating the amount needed 
based on the desired seeding rate and application characteristics (truck speed, manure 
application rate, general weather characteristics) (Figure 5.1). For these experiments all 
fields used the same application equipment and operator, therefore those characteristics 
were consistent among fields. Manure application rate was 60800 L/ha; all manure was 
collected from shallow pit collection systems close to the field (mixing and application 
time was always <1hr the cover crop species selected was annual ryegrass (Lolium 
multiflorum L), with a germination percentage of 90%, and seeding rate selected was 28 
kg·ha-1 (higher than usual recommendation because of expected losses). 
Once the seed was weighed it was manually poured into the manure tank (Figure 5.2), 
and then manure was extracted from the pit and the mixing process started (this mixing 
happens automatically inside the tank with or without seed). When the tank was full and 
mixing occurred for few minutes, the surficial slurry seeding process began, using a 
broadcast splash plate application (Figure 5.3) of the manure/seed mixture. Before the 
slurry application, an aeration disk system created some small divots in the soil to 
facilitate the inclusion of the mixture into the soil profile (Figure 5.4). 
 
5.3.4 Sampling 
Manure applied on the field was sampled at the same time of application, with samples 
were collected from the application tank. The number of samples taken depended on the 
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variability of the manure and the number of pits where manure was taken (every pit was 
analyzed), but in most cases just one sample was enough to represent all the applied 
manure (Table 5.1). Yield was collected by each farmer, using the GPS coordinates and 
including only middle rows of each plot, and average yields for each plot/treatment were 
determined. Biomass samples of the cover crops were taken late in the fall of 2010 
(second week of November) and late in the spring of 2011 before killing the cover crop 
(first week of April). Biomass samples were taken using 1 square meter frames and 
collecting all the biomass inside the frames. Five total frames per plot were collected and 
placed in paper bags. Samples were then dried in an oven at 60°C for three days and then 
ground and shipped to A&L Great Lakes Laboratories in Fort Wayne, IN for nutrient 
analysis. Ground cover o 
f the cover crop was estimated visually prior to biomass collection using a simple 
percentage estimate of the total area covered by cover crop inside the square meter frame. 
 
5.4 Results and Discussion 
It is very important to note that fall of 2010 was very dry. Lack of rain, broadcast manure 
application and broadcast planting resulted in poor establishment/development of the 
annual ryegrass. As an interesting result, germination occurred mostly where the aeration 
tines of the application tank created divots in the soil (Figure 5.5), with the hypothesis 
being that these divots increased the nutrient and moisture retention and created 
something similar to the ideal microsites described by Harrigan et al. (2006). 
The first clear result obtained from field trials yields are that all cover crop treatments 
had better yield when compared to the matching no cover treatments (Table 5.2). These 
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results were consistent in every field and repetition. Yield differences were more evident 
in treatments under the low N rates (-20 kg than usual) than in the high N rates (200kg·ha-
1 N application). Cover crop use resulted in corn yield differences (increments) that 
ranged between 9-14 bu/acre (567-882 kg·ha-1) for the low N treatments, while 
differences in the high (200kg·ha-1) N treatments ranged between 3-6 bu/acre (189-378 
kg·ha-1). Yield increments may be due to improved nutrient cycling (N scavenging) and 
higher microbiological activity as a result of annual ryegrass. However, a study by Singer 
et al. (2008) in Iowa showed no difference in corn grain yield as a result of using winter 
rye and oats as cover crops following swine manure applications when compared to no 
cover treatments. They also concluded that coupling swine manure injection with cover 
crops, can increase nutrient uptake and cycling without compromising corn yields. Other 
studies by Practical Farmers of Iowa (2012) showed negative to no effects on corn yield 
following the use of rye as a cover crop. Vyn et al. (1999) found corn yield increases as a 
result of using legume cover crops, but found negative yield effects when annual ryegrass 
was used as a cover crop preceding corn. Hively and Cox (2001) also found negative 
yield responses in corn as a result of previous annual ryegrass establishments. 
Another important result can be seen by comparing yield differences between fertilization 
treatments (low N vs. high N). When annual ryegrass was used as cover crop, yield 
differences between N treatments ranged from 0-3 bu/acre (0-189 kg·ha-1); while 
differences between N treatments when no cover crop was present ranged from 9-11 
bu/acre (567-693 kg·ha-1) (Table 5.2).The most logical explanation for these differences 
is that cover crop use improved nutrient cycling and increased nutrient uptake from the 
applied manure. Annual ryegrass seemed to help in capturing and recycling N from the 
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manure, thus reducing the need for additional fertilizer. Grain moisture percentages did 
not show any significant differences between treatments and ranged from 21 to 24% in 
moisture. 
Results for ground cover, plant biomass and tissue N showed increased values during the 
spring when compared to fall, possibly due to dry conditions in fall of 2010. The N tissue 
values for annual ryegrass for fall 2010 (dry weather, low population density and poor 
growth), ranged from 18-21 kg·ha-1, while N tissue values for spring, where growth and 
densities were higher, ranged from 29-32 kg·ha-1. We would expect under appropriate 
management, that some of that nitrogen would be re-integrated into the system and would 
be available for the main crop. 
 
5.5 Conclusions  
Lack of rain in the fall of 2010, combined with lower germination as a result of broadcast 
seeding, and increased manure nutrient losses as a result of broadcast manure application, 
resulted in low population stands and poor growth of annual ryegrass in all fields. 
Incorporation of manure and seed into the soil, and the creation of enriched microsites, 
would likely greatly increase germination and growth of the cover crop, thereby 
increasing nutrient cycling from the soil and uptake from the manure. Germinated seeds 
in the fall followed a germination pattern following the divots created by the aeration 
system. This pattern may supports the Harrigan et al. (2006) slurry seeding original 
methodology and hypothesis that pursues the creation of enriched microsites in the soil. 
Even though germination and growth of the cover crop was not ideal, results show that: 
cover crop use resulted in corn yield differences (increments) that ranged between 10-14 
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bu/acre (630-882 kg·ha-1) for the low N treatments and 3-5 bu/acre (189-315 kg·ha-1) for 
the high N treatments. Yield increments may be due to improved nutrient cycling (N 
scavenging) and higher microbiological activity as a result of annual ryegrass. Results 
also showed that when annual ryegrass was used as cover crop, yield differences between 
high and low N treatments ranged from 0-3 bu/acre (0-189 kg·ha-1), while differences 
between N treatments when no cover crop was present ranged from 10-11 bu/acre (630-
693 kg·ha-1). The most logical explanation for these differences is that cover crop use 
improved nutrient cycling and increased nutrient uptake from the applied manure. Annual 
ryegrass seemed to help with capturing and recycling N from the manure, thus reducing 
the need for additional fertilizer. Finally, N tissue values for annual ryegrass for fall 2010 
(dry weather, low population density and poor growth), ranged from 18-21 kg·ha-1, while 
N tissue values for spring, where growth and densities were higher, ranged from 29-32 
kg·ha-1. The methodology of surficial slurry seeding proved to be viable and effective, as 
manure and seed were easily mixed in the tank and evenly distributed on the soil. 
However it is important to remember that the slurry seeding practice should try to 
simulate the ideal methodology as established by Harrigan et al. (2006). This practice 
represents an alternative for the slurry seeding concept and management and planning 
should be critical if adopted. 
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Table 5.1 Nutrient content of swine manure used in field trials. Swine manure was 
collected from a shallow pit systems, composition of the manure was determined by A&L 
Great Lakes Laboratory in Fort Wayne, IN. Values shown represent average manure 
samples (one sample nutrient content of swine manure used in field trials) for two 
repetitions per farm. 
  Farm A Farm B Farm C 
Parameter Content (%) SD+ Content (%) SD Content (%) SD 
Moisture, % 99 0.02 97 0.03 99 0.01 
Solids, % 2 0.02 3 0.03 1.2 0.01 
Total N, % 0.3 0.02 0.3 0.00 0.2 0.01 
NH4-N, % 0.3 0.01 0.2 0.00 0.2 0.01 
Organic N, % 0.1 0.03 0.1 0.00 0.0 0.00 
P, % 0.1 0.00 0.1 0.00 0.0 0.00 
K, % 0.2 0.00 0.1 0.00 0.1 0.00 
S, % 0.0 0.00 0.0 0.00 0.0 0.00 
Mg, % 0.0 0.00 0.0 0.00 0.0 0.00 
Ca, % 0.1 0.02 0.2 0.00 0.1 0.00 
Na, % 0.1 0.00 0.0 0.00 0.0 0.00 
Al (mg·L-1) 15 0.7 17 0.2 8.6 1 
Cu (mg·L-1) 6 0.00 9.4 0.2 2.8 0.07 
Fe (mg·L-1) 74 0.2 124 2 36 0.00 
Mn (mg·L-1) 11 2 13 0.7 4 0.00 
Zn (mg·L-1) 51 1 76 0.7 26 0.00 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.1 Annual ryegrass seed rate calculation by weight. Seed is poured into a 







Figure 5.2 After weighing, seed of annual ryegrass was poured into the application tank. 
Seed application is done prior to manure addition so that manure filling of the tank will 






Figure 5.3 Broadcast splash plate applicator distributes the manure and seed evenly on 
the soil surface; losses of both manure nutrients and seed germination are expected as a 






Figure 5.4 Lateral view of aeration system on the back of manure splash plate broadcast 







Figure 5.5 Annual ryegrass germination in fall of 2010 was affected by extreme dry 
conditions, lack of rain and creation of divots by the applicator aeration system. The 
pattern  of germination of the cover crop, suggests the divots increased moisture content 






CHAPTER 6. CONCLUSIONS, PRACTICAL IMPLICATIONS, AND 
RECOMMENDATIONS 
If we analyze all the results obtained in both laboratory and field studies, we can make a 
number of conclusions. First of all manure has an inhibitory effect on germination of 
cover crop seeds and this effect varies among species and depends on the interaction 
conditions between the manure and the seeds. Laboratory results showed that salinity 
levels in manure are not the driving factor reducing germination of cover crop seeds. 
Results also showed that time of immersion of the seed in manure can have a negative 
effect on germination; however, periods of immersion ≤1hr resulted in no effect. 
Laboratory units showed that N volatilization has a detrimental effect on cover crop seed 
germination as a result of free ammoniacal forms affecting germination. Promotion of 
anaerobic-like conditions also proved to be detrimental for cover crop seed when mixed 
with manure, and this reduction may be explained not only due to a reduction in the 
available oxygen but also possibly due to biological inhibitors present in manure that 
affect the germination of cover crops. The effect of other manure gases such as ethylene 
was not studied and may also have some effect on germination of cover crop seeds. In 
field trials evaluating surficial slurry seeding, results showed that having a double rainfall 
event within the first week after slurry seeding can significantly increase the success of 
the practice, especially for species very sensitive to manure, with the rainfall or irrigation 




germination regions. Surficial slurry seeding of cover crop showed yield increases in 
field studies and reduced the need of external inputs (N fertilizer) by increasing N capture 
from the applied manure and subsequent nutrient recycling. When we compare the 
performance of all cover crop species studied, the results from both field and laboratory 
showed that species with bigger and “stronger” seeds, such as oilseed radish and cereal 
rye, seem to be more suitable to be combined with manure applications and to be used for 
slurry seeding. In contrast, the mix of weaker (soft core) and smaller seeds such as 
crimson clover and annual ryegrass, seem to make species more susceptible to the 
toxicity effect of manure. These species would require careful management and planning 
if used for slurry seeding. 
 
6.1 Recommendations and Future Work 
There are a number of further studies that would lead to better understanding of the slurry 
seeding practice. First an expansion in manure sources and cover crop species would 
increase the knowledge and scope of slurry seeding and its thresholds. Detailed analysis 
of more immersion periods of seed in manure would be able to give specific 
recommendations for each cover crop species, not only for the time of immersion 
threshold but also for the positive effect due to immersion, if present. Calculation of the 
Germination Index (combination of root germination and growth) would also be 
important in further studies; GI is able to determine low toxicity levels which are more 
related to root growth and high toxicity levels that are more related to germination. It 
would also allow identification of specific components in manure and specific toxicity 




Overall, the results obtained show the importance of pursuing the original methodology 
of slurry seeding as developed by Harrigan et al. (2006). By incorporating both manure 
and seed into the soil and creating enriched microsites where seeds would germinate, that 
would likely be improved cover crop stands, growth and subsequent nutrient recycling 
from the applied manure. Analyzing the effect of manure modifications such as 
acidification and addition of nitrification inhibitors and their economical implications 
could represent an interesting aspect of the slurry seeding practice. Another interesting 
aspect to study would be to expand the scope of slurry seeding to manure applications 
pre-seeding and post-seeding of cover crops and compare their effects to standard slurry 
seeding. 
 
6.2 What we learned and its application in slurry seeding: 
 Species selection: Choose species that are more tolerant to manure interaction to 
have better results. Oilseed radish and cereal rye represent good options for slurry 
seeding, while crimson clover seems to be more susceptible and therefore less 
effective for this practice. 
 Application and planting: If possible the goal is to incorporate both seed and 
manure into the soil to reduce losses, improve germination and increase nutrient 
cycling. Manure surficial applications increase losses and promote crusting. The 
creation of anaerobic-like conditions such as created by crusting, can reduce 





 Mixing time: Manure/seed mixing process of ≤1hr is suggested for the slurry 
seeding practice, as prolonged immersion intervals could affect germination of the 
cover crop. 
 Check the forecast and plan ahead of time: Rainfall plays a key factor in the slurry 
seeding practice. Rainfall events after slurry seeding can significantly increase 
germination and growth of the cover crop and therefore increase the nutrient 
capture and recycling from the applied manure. Rainfall becomes even more 
important as application becomes less effective (incorporation vs. broadcast 
applications). If no rainfall is present in the first week, then irrigation could be a 
good practice to improve germination of the cover crop. Temperature also plays a 
key component in the success of the practice as it is related to volatilization of 
manure and nutrient losses. Planning the slurry seeding for a cold day and doing it 
at hours when temperatures are relatively low may represent a big difference in 
the success of the practice (higher temperatures lead to higher volatilization rates). 
 Manure modifications: If possible, some practices to the manure might lead to 
better establishment of the desired cover crops and therefore better results. 
Segregation of urine and feces should reduce volatilization and improve 
germination, acidification of the manure would also improve germination as a 
result of a reduction in ammoniacal forms of nitrogen, and urease inhibitors may 
also represent a viable option but it is important to evaluate the economical factor 
of these applications. 
 Train your eye: A good slurry seeded cover crop stand may look different from a 




compensation for lower population densities with higher individual plant biomass 
as a result of slurry seeding. Having some cover crop combined with manure 
applications may represent an increase in nutrient uptake and nutrient cycling, 
even if cover crop growth is relatively modest. 
 As a final thought: field studies with very poor cover crop stands and growth, 
using species highly sensitive to swine manure (annual ryegrass), planted with 
methods that promoted nutrient losses and germination reductions (broadcast 
surficial application/planting), followed by really dry fall conditions (abnormal 
drought fall 2010), resulted in yield increments of 5-10 bushels/acre (335-670 
Kilograms/hectare) and seemed to increase nutrient capture and recycling from 
the manure. What can we expect under ideal management, optimum 
equipment/establishment and perfect weather conditions? 
